Single strands of DNA serve, in rare instances, as promoters for transcription; duplex DNA promoters with individual strands that also have a promoter capacity͞function have not been described. We show that the nontranscribed strand of the Saccharomyces cerevisiae U6 snRNA gene directs transcription initiation factor IIIB-requiring and accurately initiating transcription by RNA polymerase III. The nontranscribed strand promoter is much more extended than its duplex DNA counterpart, comprising the U6 gene TATA box, a downstream T 7 tract, and an upstream-lying segment. A requirement for placement of the 3 end of the transcribed (template) strand within the confines of the transcription bubble is seen as indicating that the nontranscribed strand provides a scaffold for RNA polymerase recruitment but is deficient at a subsequent step of transcription initiation factor IIIB's direct involvement in promoter opening.
Single strands of DNA serve, in rare instances, as promoters for transcription; duplex DNA promoters with individual strands that also have a promoter capacity͞function have not been described. We show that the nontranscribed strand of the Saccharomyces cerevisiae U6 snRNA gene directs transcription initiation factor IIIB-requiring and accurately initiating transcription by RNA polymerase III. The nontranscribed strand promoter is much more extended than its duplex DNA counterpart, comprising the U6 gene TATA box, a downstream T 7 tract, and an upstream-lying segment. A requirement for placement of the 3 end of the transcribed (template) strand within the confines of the transcription bubble is seen as indicating that the nontranscribed strand provides a scaffold for RNA polymerase recruitment but is deficient at a subsequent step of transcription initiation factor IIIB's direct involvement in promoter opening.
B
udding yeast (Saccharomyces cerevisiae) RNA polymerase III (pol III) is brought to its promoters by its transcription factor (TF)-IIIB, which is composed of three subunits, TATAbinding protein (TBP), Brf1, and Bdp1. S. cerevisiae TFIIIB, in turn, is brought to its binding site upstream of the transcriptional start by TFIIIC, but also can be directed to the promoter by TBP subunit-directed binding to a TATA box (1) (2) (3) . Only a few budding yeast pol III genes, among them the U6 snRNA gene, have sufficiently strong TATA boxes to allow TFIIICindependent and solely TFIIIB-directed transcription of DNA (4) . In contrast, fission yeast (Saccharomyces pombe) genes transcribed by pol III have TATA boxes as absolutely required promoter elements (4, 5) .
Our recent analysis of the functions of TFIIIB in initiation of transcription has exploited certain deletion mutants of Brf1 and Bdp1 that generate distinctive defects of promoter opening in linear DNA. The search for conditions under which activity would be restored to these defective TFIIIB assemblies has involved the exploitation of DNA templates with partially opened promoters or with breaks in either DNA strand. Exploring the architecture of the pol III promoter complex by manipulating its DNA scaffold in this manner has provided insights into the mechanism of promoter opening, including its general upstream 3 downstream polarity, and into the selective role of the transcribed (template) strand in specifying͞measuring the distance from the TATA box to the transcriptional start site (6) (7) (8) .
That analysis also has led (by a path that is specified below) to the surprising finding that is elaborated in this work: the nontranscribed strand of the U6 promoter suffices for TFIIIBdependent and accurately initiating transcription by pol III. We show that the single-stranded U6 promoter includes a TATA element, with which TFIIIB interacts in a distinctive way, and also involves additional promoter elements that are required to be single-stranded but are not part of the duplex DNA promoter.
Methods

DNA Templates.
Transcription templates for this work are based on plasmid pU6 R boxB (9) , with a single G 3 A substitution at base pair Ϫ22 reversing the original A 3 G mutation. Fully duplex DNA (base pairs Ϫ60 to ϩ138 relative to the transcriptional start site) was generated as described (10) . The 5Ј overhang templates and gap templates were generated by annealing the purified single-stranded components and purified by native gel electrophoresis and, when necessary, electrophoresis through gel-immobilized oligonucleotides to trap and separate partially annealed and͞or unannealed contaminants (8) .
Proteins. Purification and quantification of wild-type TFIIIB subunits and TBPm3 have been described (6, 9) . TBP and Bdp1 were estimated to be nearly 100%, and Brf1 was 20% active in formation of heparin-resistant promoter complexes. Bdp1(⌬355-372) was purified under native conditions as described for Bdp1(138-594) (11) . N⌬68Brf1 was purified as described (10) . TFIIIC and pol III were purified as described; quantities of pol III are specified as fmol of enzyme active for specific transcription (12, 13) . Samples were precipitated, processed for denaturing gel electrophoresis, and quantified by phosphorimage plate analysis. Primer extension (reverse transcription) analysis of unlabeled transcripts to determine transcription start sites was carried out as described (10) .
Results
The analysis that is reported here has its origin in an observation made during the course of experiments on the effects of DNA strand breaks at defined locations on transcription by RNA pol III (7, 8) . The duplex DNA for this analysis was assembled from three purified oligonucleotides, and partial assemblies containing single-stranded tails were removed carefully. Control DNA preparations with long 5Ј and 3Ј overhanging tails (assembled with only two oligonucleotides) were made to assess inhibition of transcription by attached single-stranded DNA. Finding that one of these partially duplex DNAs, presenting only the nontranscribed strand of its essential TATA box, could serve as a template for factor-dependent and specifically initiating transcription prompted the further exploration that is recounted below.
TFIIIB-Dependent Transcription with Partially Single-Stranded Promoters. We constructed partially single-stranded templates derived from the yeast U6 snRNA (SNR6) gene, presenting only the 5Ј overhanging nontranscribed (Fig. 1A Upper) strand of the upstream promoter region. The 3Ј end of the transcribed (Fig. 1A Lower) to the normal transcription start site, and activity was monitored in multiple rounds of transcription. Only templates with transcribed strand 3Ј ends placed downstream of base pair Ϫ12 (relative to the normal transcription start site as ϩ1) were found to be active (Fig. 1B and data not shown) . At the optimal concentration (Fig. 1B) , 5Ј overhang DNA was seen to yield approximately one-fifth as many transcripts as duplex DNA (Fig.  1C) . Excess DNA diminished activity (perhaps by nonspecifically and unproductively sequestering TBP or pol III). TFIIIC did not restore transcription activity to the inactive Ϫ12 5Ј overhang (o͞h) construct (data not shown). Transcription from these 5Ј overhang templates strictly required each TFIIIB subunit, including Bdp1 (Fig. 1D) . Transcriptional start sites, mapped by primer extension, were shifted slightly upstream to base pair Ϫ2 for constructs Ϫ10 o͞h to Ϫ4 o͞h, remained at base pair ϩ1 for construct Ϫ2 o͞h, and were shifted downstream to base pair ϩ5 for construct ϩ1 o͞h ( Fig. 1C and data not shown). Similar shifts of start site have been noted in transcription of duplex DNA with breaks at these locations and have been attributed to the removal of a constraint that is imposed by continuity of the transcribed strand between the TATA box and base pair ϩ1 (8) . That constraint is, of course, also removed in these constructs.
The preceding experiment yields the surprising result that TFIIIB can assemble on a single-stranded version of its DNAbinding site, accurately recruiting pol III to the transcriptional start site. The ability of the resulting peculiar TFIIIB-pol III-promoter complex to produce transcripts is restricted to 5Ј overhang constructs placing the template strand's 3Ј end downstream of the U6 gene's T 7 segment (T 7 :A 7 in duplex DNA), that is, within the bounds of the transcription bubble. The experiments that follow explore the promoter sequence requirements of these constructs and also exploit previously analyzed TBP, Bdp1, and Brf1 mutations to gain further insight into the mode of action of TFIIIB in this special context.
Transcriptional Activity of Partially Single-Stranded Promoters Is
Sequence-Dependent. Mutations in the TATA box and the T 7 :A 7 stretch were introduced into the transcriptionally active 5Ј overhang construct Ϫ6 o͞h, the inactive construct Ϫ12 o͞h, and the corresponding duplex DNA ( Fig. 2A ) and tested for transcriptional activity with TFIIIB and pol III (Fig. 2B ). Destruction of the TATA box eliminated transcription of duplex DNA (Fig. 2B , lanes 2, 4, and 8), and A 3 G at base pair Ϫ29 (TATA 3 TGTA) greatly diminished transcription (lanes 5 and 6), whereas changes in the T 7 :A 7 stretch only moderately affected transcription (lanes 3 and 7). This is consistent with prior observations that transcription of the U6 gene in vitro tolerates multiple substitutions in the T 7 :A 7 stretch (14), although the latter becomes an essential promoter element of the U6 gene under circumstances altering chromatin structure in vivo (15) . The same mutations introduced into the Ϫ6 o͞h construct showed that transcriptional activity remained sequencedependent, but with additional elaborations. Transcription activity was eliminated by destroying the TATA box (Fig. 2B , lane 10) and reduced strongly by the TGTA mutation (lane 13), but the changes in the T 7 stretch also strongly reduced or entirely eliminated transcriptional activity (lanes 11 and 15). To our surprise, the T7-KO mutation appeared to diminish the effects of both TATA box mutations (compare lanes 10 and 13 with lanes 12 and 14, respectively; the difference between lanes 10 and 12 is seen clearly in the original data and was observed consistently).
TFIIIC makes TFIIIB assembly on the promoter much less dependent on specific DNA sequence (4, 16) , and TFIIIC mitigated the effects of these TATA box mutations on transcription of duplex DNA (generating 2-to 10-fold-increased transcription), as expected (Fig. 2B, lanes 2, 4-6, and 8) . In contrast, TFIIIC did not restore transcription of completely inactive Ϫ6 o͞h constructs (e.g., TATA-KO; lane 10) and only slightly stimulated transcription of constructs retaining weak activity with TFIIIB alone (e.g., TGTA; lane 13). The Ϫ12 o͞h construct versions of these promoter mutants were all transcriptionally inactive (in the presence and absence of TFIIIC).
Two properties of the promoter in 5Ј overhang DNA that are seen in this experiment have no counterpart in the linear duplex DNA: (i) an interaction between the T 7 site and the TATA box that allows the T7-KO change to restore some activity to TATA box mutants instead of compounding inactivity and (ii) an inability of TFIIIC to mitigate the detrimental effects of TATA box mutations on transcription. These differences imply that assembling TFIIIB on the U6 promoter as duplex DNA and as its nontranscribed strand produces complexes with different properties arising from different protein-DNA interactions and, possibly, DNA secondary structures.
Rescue of the TGTA Mutation by TBPm3. Three mutations changing amino acid side chains that are located close to DNA in the TBP-DNA complex confer relaxed TATA box recognition on TBPm3 (17) (18) (19) . In particular, TBPm3 restores pol III transcription activity to the U6 A-29 3 G (TATA 3 TGTA) mutant promoter (9) . TFIIIB assembled with TBPm3 was examined for the ability to rescue transcription of TATA box and other mutations in the 5Ј overhang context (Fig. 3) . TBPm3 restored full transcriptional activity to the mutant TGTA element in duplex DNA (Fig. 3, compare lanes 1-3 with lanes 7-9) and generally increased transcription of Ϫ6 o͞h constructs relative to the corresponding duplex DNA (for example, compare lane 10 relative to lane 7 with lane 4 relative to lane 1). However, substituting TBPm3 for TBP consistently had only a limited effect on transcription of the TGTA and TGTA͞T7-KO mutant Ϫ6 o͞h constructs relative to the corresponding ''wild-type'' promoter (compare lanes 11 and 12 relative to lane 10 with lanes 5 and 6 relative to lane 4; data not shown). Mitigation of the effect of TATA 3 TGTA on transcription by the T 7 stretch mutation T7-KO in the 5Ј overhang construct was retained with TFIIIB(TBPm3) (compare lanes 11 and 12).
In summary, TBPm3 reduces the stringency of recognition of the single-stranded (nontranscribed strand) U6 promoter but exerts a smaller specific effect on the TGTA͞TATA discrimination.
The Extent of the Single-Stranded Promoter. Two approaches were taken to determine the upstream extent of single-stranded DNA required for activity of the U6 promoter as 5Ј overhanging DNA. One group of constructs explored whether making segments of upstream DNA double-stranded would interfere with transcription of Ϫ6 o͞h DNA or restore activity to the TFIIIB-pol III complex assembled on Ϫ12 o͞h DNA (Fig. 4A) . Possible problems of inhibition of transcription that might have been caused by contaminating short template strand DNA fragments were minimized by gel purification of these gapped DNA constructs (see Methods) and by DNA titration. Activity of the Ϫ6 o͞h series of gap templates was lost when the DNA segment upstream of nucleotide Ϫ25 was double-stranded. Even conversion of the 5Ј terminal 16 nucleotides to duplex DNA (construct Ϫ45͞Ϫ6) inactivated transcription, although the base pair Ϫ60͞ Ϫ45 segment of the U6 promoter is not required for transcription of, or TFIIIB complex formation on, fully duplex DNA (data not shown). Transcriptional activity of the Ϫ12 o͞h construct was restored by making the base pairs Ϫ60 to Ϫ20 segment double-stranded (the Ϫ20͞Ϫ12 gap template) and also partially recovered in the Ϫ25͞Ϫ12 construct. The 5Ј ends of these transcripts were shifted predominantly to base pair Ϫ8, whereas the start sites on the active Ϫ6 o͞h gap constructs (Ϫ25͞Ϫ6 and Ϫ20͞Ϫ6) remained at base pair Ϫ2 (data not shown). These locations of start sites have been noted for transcription of duplex DNA with simple transcribed strand breaks at base pairs Ϫ12 and Ϫ6, respectively (7).
The other approach taken was to progressively truncate the nontranscribed strand from its 5Ј end. Even the truncation to nucleotide Ϫ45 eliminated TFIIIB-specific transcription, and more extensive truncations, to nucleotides Ϫ40, Ϫ35, Ϫ30, and Ϫ25, also were completely inactive (data not shown). Transcription activity of duplex DNA was retained substantially even for deletion to base pair Ϫ30 (data not shown); evidently, the Bdp1 contact with duplex DNA upstream of the TATA box (21) and stable TFIIIB-DNA complex formation (22) are not activitylimiting under these assay conditions. These experiments taken together specify that the architecture of the U6 promoter is changed entirely when the doublestranded DNA segment comprising its TATA box and neighboring sequence is replaced by its nontranscribed single strand.
A 5 Overhang Promoter Restores Activity to Transcription-Defective
Bdp1 and Brf1 Mutants. The requirement of the 5Ј overhang U6 promoter for a double-strand-single-strand junction downstream of base pair Ϫ12 (Fig. 1) is compatible with two interpretations that are not necessarily mutually exclusive: (i) the essential T 7 segment (nucleotide Ϫ18 to Ϫ12) of the 5Ј overhang promoter (Fig. 2) has to be single-stranded, and (ii) TFIIIB assembled on the nontranscribed strand of the 5Ј overhang promoter is defective in promoter opening and placing the 3Ј end of the transcribed strand within the boundaries of the transcription bubble (Fig. 1) 8 and 10 -15 ) and with duplex DNA and Ϫ12 o͞h and Ϫ6 o͞h constructs (lanes 1, 2, and 9, respectively) as controls͞ references. The nomenclature follows A: e.g., Ϫ35͞Ϫ6 is the construct with a transcribed strand gap extending from nucleotide Ϫ34 to nucleotide Ϫ7. (The transcription start site of the active Ϫ6 gap constructs is at base pair Ϫ2; the start site for the active Ϫ12 gap constructs is at base pair Ϫ8.) Fig. 5, lanes 1-3) . Transcription can be restored by unpairing short segments of the transcription bubble (6) and also by placing breaks in the transcribed strand segment that is ultimately converted to the transcription bubble (7). The 5Ј overhang constructs shown in Fig. 1 A were examined for the ability to rescue the transcription activity of TFIIIB assembled with Bdp1⌬355-372 or Brf1N⌬68. Fig. 5 shows that defects of TFIIIB assembled with either of these deletion proteins were rescued specifically by 5Ј overhang constructs with transcribed 3Ј ends between base pairs Ϫ10 and ϩ1, resembling their requirements for transcription with wildtype TFIIIB (Fig. 1C) . Transcription required each TFIIIB subunit (data not shown), as is the case for wild-type TFIIIB (Fig. 1D) , and start sites for transcription remained (essentially) as for wild-type TFIIIB-dependent transcription of the same constructs (data not shown). We conclude that placing the transcribed strand 3Ј end between base pairs Ϫ10 and ϩ1 in these 5Ј overhang constructs does facilitate promoter opening. The results also suggest that TFIIIB contributes pol III recruitment and postrecruitment functions in transcription of these templates with their (partially) single-stranded promoter just as it does in transcription of duplex DNA.
Discussion
The primary focus and interest of this work is in revealing an unsuspected DNA-structural context for TFIIIB-requiring and accurately initiating pol III transcription and, as we discuss below, suggesting an architectural role for DNA in supporting the postrecruitment functions of TFIIIB in promoter opening.
An upstream segment of the U6 gene nontranscribed strand serves as a promoter. Single-stranded promoters also are known to function in vivo. The best-studied single-stranded promoters direct transcription of N4 virus early genes by the virion RNA polymerase, which is injected into the (Escherichia coli) host cell along with the viral genome at infection. N4 early promoters require specific DNA sequence within a secondary structure consisting of a 5-bp stem and 3-nt loop (23, 24) . The N4 virion RNA polymerase is a highly diverged member of the singlesubunit RNA polymerase family, of which the phage T7 polymerase is the prototype (25) . In eukaryotes, single-subunit RNA polymerases, encoded by nuclear genes, are located in mitochondria and chloroplasts (26) . Single-stranded promoters also are recognized by the multisubunit E. coli RNA polymerase during conjugal DNA-strand transfer and direct RNA primer synthesis in rolling circle DNA replication, as well as transcription of minicircle single-stranded DNA (27) (28) (29) (30) . Even singlestranded RNA (hepatitis delta virus negative strand) may serve as a promoter (of eukaryotic RNA polymerase II) (31) .
The promoter elements of the U6 nontranscribed strand and of the standard (duplex DNA) U6 gene differ. The TATA element remains essential, and the TATA 3 TGTA mutation debilitates the nontranscribed strand promoter, just as it does on the duplex DNA promoter. However, the T 7 segment is also an essential promoter element: it cannot be ''inverted'' (to A 7 ), and changing three Ts (T-16͞T-14) to purine (GAG) more severely weakens the nontranscribed strand promoter than it does the duplex DNA promoter. Most strikingly, a far-upstream-lying segment (nucleotides Ϫ60 to Ϫ45) is an essential component only of the nontranscribed strand promoter. Converting this nucleotide Ϫ60͞Ϫ45 segment to duplex DNA completely inactivates the nontranscribed strand promoter. Extending the double-strand conversion into the TATA box restores activity (Fig.  4) but transforms the promoter to its standard (duplex DNA) form, as indicated by the fact that the transcribed strand 3Ј end is no longer constrained to the characteristic nucleotide Ϫ10͞Ϫ1 band of the nontranscribed strand promoter (Fig. 4) . TATA box and T 7 stretch changes are individually inactivating but compensatory when combined in the nontranscribed strand promoter, indicating a linkage between these two elements.
These differences specify an entirely distinctive interaction of the nontranscribed strand promoter with TFIIIB, despite a retained involvement of the TATA box. We see two additional manifestations of this exceptionality. (i) TBPm3, which relaxes the requirement for A at TATA, generally elevates the activity of nontranscribed strand promoters (relative to duplex DNA), including the promoter with wild-type U6 gene sequence. However, TBPm3 does not selectively rescue TATA 3 TGTA in the nontranscribed strand promoter above this generally elevated background, although it clearly restores activity to the duplex DNA (standard) TGTA promoter. (ii) The nontranscribed strand promoter does not discriminate against TFIIIB assembled with deletion variants of Brf1 and Bdp1 that inactivate transcription of linear duplex DNA.
What is the structure of the nontranscribed strand promoter? Its two salient characteristics, (i) its extent, with essential components located between nucleotides Ϫ60 and Ϫ45, at the TATA box, and in the downstream T 7 segment between nucleotides Ϫ18 and Ϫ12, and (ii) its mutual compensation, instead of additive effect of separately deleterious mutations, suggests that the nontranscribed strand promoter may fold into a secondary structure. Alternative secondary structure models of the nontranscribed strand promoter can be constructed, but are only modestly stable (calculated ⌬G 0 Ϫ6 to Ϫ10 kcal͞mol at 0°C). No model converts the entire TATA box to a double-stranded form. Of course, it is the stability of any putative secondary structure in a TFIIIB or TFIIIB͞pol III complex that is functionally significant, which means that secondary structure features will need to be elucidated empirically.
The ability of TBPm3 to generally elevate transcription at the nontranscribed strand U6 promoter also suggests that TATA box-TBP interactions of the nontranscribed strand and duplex DNA promoters differ. The three point mutations in TBPm3, which create enough space to accommodate the C2-NH 2 group of G pointing into the minor groove of the TGTA mutant TATA box, may also favor TFIIIB binding to the nontranscribed strand promoter by relaxing other constraints on TBP-DNA interaction. It has been argued that TBP principally recognizes the differential deformability of the TATA box in duplex DNA (32) . TBP also makes approximately equal numbers of contacts with the sugar-phosphate backbone and the floor of the minor groove in its TATA box complexes. There is even an isolated report of considerable affinity of TBP for a TATA box in single-stranded DNA (33) .
We suggest that TFIIIB-dependent transcription supported by the nontranscribed strand U6 promoter (at least in part) reflects the ability of TBP to interact specifically with noncanonical DNA structure. Whether the nontranscribed strand of the TATA box is recognized by TBP in TFIIIB as single-stranded or, as we suspect, in a form with partial secondary structure remains to be determined.
The nontranscribed strand promoter requires a specifically located single-stranded-double-stranded DNA junction, with the 3Ј end of the transcribed strand placed within the confines of the transcription bubble. This suggests two interpretations that are not mutually exclusive.
(i) If the T 7 promoter element of the nontranscribed strand promoter must be single-stranded, encroachment by the transcribed strand 3Ј end upstream of base pair Ϫ10 would be prohibited. In contrast, the T 7 segment of the standard promoter does not have to be double-stranded, as evidenced by activity of the Ϫ20͞Ϫ12 construct (Fig. 4) .
(ii) The nontranscribed strand promoter may fail to support the role of TFIIIB in promoter opening (6) . Placing a transcribed strand 3Ј end within the base pair Ϫ10͞Ϫ1 segment (corresponding to the upstream and central segments of the transcription bubble) facilitates promoter opening by TFIIIB assembled with BrfN⌬68 or Bdp1⌬355-372, which is defective in opening this promoter in linear duplex DNA (7) . We suggest that the required transcribed strand 3Ј end placement in the base pair Ϫ10͞Ϫ1 segment signifies that the nontranscribed strand U6 promoter has an interesting defect: it provides a scaffold for TFIIIB placement that suffices for pol III recruitment but fails at a subsequent step of the reaction sequence that leads to initiation of transcription.
